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Abstract of EP1273677 

To deposit optical quality films by PECVD 
(Plasma Enhanced Chemical Vapour 
Deposition), a six-dimensional space wherein five 
dimensions thereof correspond to five respective 
independent variables of which a set of four 
independent variables relate to the flow-rate of 
respective gases, a fifth independent variable 
relates to total pressure, and a sixth dimension 
relates to observed FTIR characteristics is first 
created. Then an optical film is deposited while 
maintaining three of the set of four independent 
variables substantially constant as well as the 
fifth independent variable, and varying a fourth of 
the set of four independent variables to obtain 
desired characteristics in the sixth dimension. 
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(54) Method of depositing optical films 

(57) To deposit optical quality films by PECVD (Plas- 
ma Enhanced Chemical Vapour Deposition), a six-di- 
mensional space wherein five dimensions thereof cor- 
respond to five respective independent variables of 
which a set of four independent variables relate to the 
flow-rate of respective gases, a fifth independent varia- 



ble relates to total pressure, and a sixth dimension re- 
lates to observed FTIR characteristics is first created. 
Then an optical film is deposited while maintaining three 
of the set of four independent , variables substantially 
constant as well as the fifth independent variable, and 
varying a fourth of the set of four independent variables 
to obtain desired characteristics in the sixth dimension. 
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Description 

Background of the Invention 

5 1 . Field of the Invention 

[0001] This invention relates to optical films, an more particularly to a method of depositing optical quality silica films, 
for example, in the manufacture of waveguides for optical Mux/Demux devices. 

10 2. Description of Related Art 

[0002] Optical devices such as optical Multiplexers (Mux) and Demultiplexers (Dmux) require extremely transparent 
optical quality silica waveguides in the 1 .30 bi-directional narrow optical band and/or in the 1 .55 u.m video signal optical 
band which the International Telecommunications Union (ITU) recommends for Wavelength Division Multiplexing 

15 (WDM) transport network and for optical access networks using Fiber-To-The-Home (FTTH) technology. 

[0003] Such waveguides are discussed in, for example, Uchida N., Passively aligned hibrid WDM module integrated 
with spot-size converter integrated laser diode for fibre-to-the-home, Electronic Letters, 32 (18), 1996; Inoue Y, Sili- 
cabased planar lightwave circuits for WDM systems, lEICE Trans. Electron., E80C (5), 1997; Inoue Y., PLC hybrid 
integrated WDM transceiver module for access networks, NTT Review, 9 (6), 1997; and Takahashi H., Arrayed- 

20 waveguide grating wavelength multiplexers for WDM systems, NTT Review, 1 0 (1 ), 1 998; 

[0004] These silica waveguides are basically composed of three films: a buffer, a core and a cladding. For reasons 
of simplicity, the buffer and the cladding are typically of same composition and typically have the same characteristics, 
i.e., the same refractive index at 1 .55 wavelength (or 1 .30 urn wavelength). In order to confine the 1 .55 u.m wavelength 
(and/or 1.30 u.m wavelength) laser beam, the core must have a higher refractive index than the buffer (cladding) at 

25 1 .55 wavelength (and/or 1 .30 urn wavelength). The required difference of refractive index between the core and the 
buffer (cladding) at 1 .55 wavelength (and/or 1 .30 ujti wavelength) is called the 'delta-n'. This 'delta-n' is one of the most 
important characteristics of silica waveguides. It is very difficult to fabricate optically transparent buffer (cladding) and 
core in the 1 .55 jun wavelength (and/or 1 .30 wavelength) optical region with a suitable 'delta-n'. 
[0005] Various technical approaches to obtain these high performance optically transparent silica waveguides have 

30 been tried in the prior art. A first approach is to use Flame Hydrolysis Deposition (FHD). This technique involves the 
fusion in hydrogen, oxygen and other gases of fine glass particles followed by some post-deposition anneals to 

120f>1350X;-A-second-approach-is4he-High-Pressure-Steam-(HPS)'techniquer-Thi 

growth of silica films from silicon under an oxygen containing ambient at very high temperature followed by a very high 
temperature anneal at about 1000°C. A third approach is the Electron-Beam Vapor Deposition (EBVD) technique of 

35 quartz or silica at about 350°C followed by very high temperature anneals at 1200°C; 

[0006] Another is approach is to use the Plasma Enhanced Chemical Vapour Deposition (PECVD) technique. Such 
a technique is described in the following documents: Low temperature plasma chemical vapor deposition of silicon 
oxynitride thin-film waveguides, Applied Optics, 23 (16), 2744, 1984; Valette S., New integrated optical multiplexer- 
demultiplexer realized on silicon substrate, ECIO '87, 1 45, 1 987; Grand G., Low-loss PECVD silica channel waveguides 

40 for optical communications, Electron. Lett., 26 (25), 2135, 1990; Bruno F., Plasmaenhanced chemical vapor deposition 
of low-loss SiON optical waveguides at 1,5-u.m wavelength, Applied Optics, 30 (31), 4560, 1991; Kasper K., Rapid 
deposition of high-quality silicon-oxynitride waveguides, IEEE Trans. Photonics Tech. Lett., 3 (12), 1096, 1991; Lai Q., 
Simple technologies for fabrication of low-loss silica waveguides, Elec. Lett., 28 (11 ), 1000, 1992; Bulat E.S., Fabrication 
of waveguides using low-temperature plasma processing techniques, J. Vac. Sci. Technol. A 11 (4), 1268, 1993; Imoto 

<5 K., High refractive index difference and low loss optical waveguide fabricated by low temperature processes, Electron. 
Lett., 29 (12), 1123, 1993 ;Bazylenko M. V., Fabrication of low-temperature PECVD channel waveguides with signifi- 
cantly imrpoved loss in the 1 .50-1 .55 u.m wavelength range, IEEE Ptotonics Tech. Lett., 7 (7), 774, 1 995; Liu K., Hybrid 
optoelectronic digitally tunable receiver, SPIE, Vol 2402, 104, 1995; Yokohama S., Optical waveguide on silicon chips, 
J. Vac. Sci. Technol. A, 13 (3), 629, 1995; Hoffmann M., Low temperature, nitrogen doped waveguides on silicon with 

so small core dimensions fabricated by PECVD/RIE, ECIO'95, 299, 1 995; Bazylenko M. V, Pure and fluorine-doped silica 
films deposited in a hollow cathode reactor for integrated optic applications, J. Vac. Sci. Technol. A 14 (2), 336, 1996; 
Durandet A, Silica burned channel waveguides fabricated at low temperature using PECVD, Electronics Letters, 32 
(4), 326, 1996; Poenar D., Optical properties of thin film silicon-compatible materials, Appl. Opt. 36 (21), 5122, 1997; 
Agnihotri O. P., Silicon oxynitride waveguides for optoelectronic integrated circuits, Jpn. J. Appl. Phys., 36, 6711 , 1997; 

55 Boswell R. W., Deposition of silicon dioxide films using the helicon diffusion reactor for integrated optics applications, 
Plasma processing of semiconductors, Klumer Academic Publishers, 433, 1997; Hoffmann M., Low-loss fiber-matched 
low-temperature PECVD waveguides with small-core dimensions for optica! communication systems, IEEE Photonics 
Tech. Lett., 9 (9), 1238, 1997; Pereyra I., High quality low temperature DPECVD silicon dioxide, J. Non-Crystalline 
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Solids, 212, 225, 1997; Kenyon T., A luminescence study of silicon-rich silica and rare-earth doped silicon-rich silica, 
Fourth Int. Symp. Quantum Confinement Electrochemical Society, 97-11, 304, 1997; Alayo M., Thick SiOxNy and SiC^ 
films obtained by PECVD technique at low temperatures, Thin Solid Films, 332, 40, 1998; Bulla D., Deposition of thick 
TEOS PECVD silicon oxide films for integrated optical waveguide applications, Thin Solid Films, 334; 60, 1998; Canning 

5 J., Negative index gratings in germanosilica planar waveguides, Electron. Lett., 34 (4), 366, 1988; Valette S., State of 
the art of integrated optics technology at LETI for achieving passive optical components, J. of Modem Optics, 35 (6), 
993, 1988; Ojha S., Simple method of fabricating polarizationinsensitive and very low crosstalk AWG grating devices, 
Electron. Lett., 34 (1), 78, 1998; Johnson C, Thermal annealing of waveguides formed by ion implantation of silica- 
on-Si, Nuclear Instruments and Methods in Physics Research, B141, 670, 1998; Ridder R., Silicon oxynitride planar 

10 waveguiding structures for application in optical communication, IEEE J. of Sel. Top. In Quantum Electron., 4 (6), 930, 
1998; Germann R., Silicon-oxynitride films for optical waveguide applications, 195 th meeting of the Electrochemical 
Society, 99-1, May 1999, Abstract 137,1999; Worhoff K., Plasma enhanced cyhemical vapor deposition silicon oxyni- 
tride optimized for application in integrated optics, Sensors and Actuators, 74, 9, 1999; and Offrein B., Wavelength 
tunable optical add-after-drop filter with flat passband for WDM networks, IEEE Photonics Tech. Lett., 11 (2), 239, 1999. 

15 [0007] A comparison of these various PECVD techniques is summarised in the following table. 





Publication 


PECVD Reaction 


Refractive Index 
Control Method 


20 


Valette S.,1987 


Unknown 


P doping 




Valette S., 1988 


Unknown 


P doping 




Grand G., 1990 


Unknown 


P doping 




Liu K., 1995 


Unknown 


Content in Si, P 


25 


Ojha S., 1998 


Unknown 


Ge, B, or P doping 




Canning J., 1998 


Unknown 


Ge doping 




Bulla D., 1998 


TEOS 


TEOS 


30 


Johnson C, 1998 


SiH 4 + 0 2 


Si ion Implantation 




Bazylenko M.V.,1995 


SiH 4 + 0 2 + CF 4 


SiH 4 /0 2 /CF 4 flow ratio 




BazylenkoM. V., 1995 


SiH 4 + 0 2 + CF 4 


SiH 4 /0 2 /CF 4 flow ratio 


35 


Bazylenko M. V, 1996 


SiH 4 + 0 2 + CF 4 


SiH 4 /0 2 /CF 4 flow ratio 


Durandet A., 1996 


SiH 4 + 0 2 + CF 4 


SiH 4 /0 2 /CF 4 flow ratio 




Boswell R. W., 1997 


SiH 4 + 0 2 + CF 4 


SiH 4 /0 2 /CF 4 flow ratio 




KapserK, 1991 


SiH4 + N 2 0 


SiH 4 /N 2 0 flow ratio 


40 


Lai Q., 1992 


SiH 4 + N 2 0 


SiH 4 /N 2 0 flow ratio 




Pereyra I., 1997 


SiH 4 + N 2 0 


SiH 4 /N 2 0 flow ratio 




Alayo M., 1998 


SiH 4 + N 2 0 


SiH 4 /N 2 0 flow ratio 


45 


Imoto K., 1993 


SiH 4 + N 2 0 + N 2 


SiH 4 /N 2 0/N 2 flow ratio 


Kenyon T, 1997 


SiH 4 + N 2 0 + Ar 


SiH 4 /N 2 0/Ar flow ratio 




Lam D. K.W., 1984 


SiH 4 + N 2 0 + NH 3 


SiH 4 /N 2 0/NH 3 flow ratio 




Bruno P., 1991 


SiH 4 + N 2 0 + NH 3 


SiH 4 /N 2 0/NH 3 flow ratio 


50 


Yokohama S., 1995 


SiH 4 + N 2 0 + NH 3 


SiH 4 /N 2 0/NH 3 flow ratio 




Agnihotri O. P., 1997 


SiH 4 + N 2 0 + NH 3 


SiH 4 /N 2 0/NH 3 flow ratio 




Germann R., 1999 


SiH 4 + N 2 0 + NH 3 


Unknown 


55 


Offrein B., 1999 


SiH 4 + N 2 0 + NH 3 


Unknown 


Hoffmann M., 1995 


SiH 4 + N 2 0 + NH 3 + Ar 


SiH 4 /N 2 0/NH 3 /Arflow ratio 




Hoffmann M., 1997 


SiH 4 + N 2 0 + NH 3 + Ar 


SiH 4 /N 2 0/NH 3 /Ar flow ratio 
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(continued) 



Publication 


PECVD Reaction 


Refractive Index 
Control Method 


Poenar D., 1997 


SiH 4 + N z O + NH 3 + N 2 


SiH 4 /N 2 0/NH 3 /N 2 flow ratio 


Ridder R., 1998 


SiH 4 + N 2 0 + NH 3 + N 2 


SiH 4 /N 2 0/NH 3 /Ar flow ratio 


WorhoffK., 1999 


SiH 4 + N 2 0 + NH 3 + N 2 


SiH 4 /N 2 0/NH 3 /N 2 flow ratio 


Bulat E.S., 1993 


SiH 4 + N 2 0 + N 2 + 0 2 +CF 4 


SiH 4 /N 2 0/N 2 / 0 2 /CF 4 flow ratio 


This Patent Application 


SiH 4 + N 2 0 + PH 3 + N 2 


Patented Method 



15 



20 



25 



[0008] This table compares methods that have been tried to modify the refractive index of the buffer (cladding) and 
core while trying to reduce their optical absorption. The various techniques can be grouped into the following main 
categories: PECVD using unknown chemicals coupled with unknown boron (B) and/or phosphorus (P) chemicals to 
adjust the refractive index of the silica films; PECVD using TEOS coupled with unknown means of adjusting the re- 
fractive index of the silica films; PECVD using oxidation of SiH 4 with 0 2 coupled with unknown means of adjusting the 
refractive index of the silica films; PECVD using oxidation of SiH 4 with 0 2 coupled with CF 4 (SiH 4 /0 2 /CF 4 flow ratio) 
to adjust the refractive index of the silica films; PECVD using oxidation of SiH 4 with N 2 0 coupled with N 2 0 (SiH 4 /N 2 0 
flow ratio) to adjust the refractive index of the silica films; PECVD using oxidation of SiH 4 with N 2 0 coupled with N 2 0 
and N 2 (SiH 4 /N 2 0/N 2 flow ratio) to adjust the refractive index of the silica films; PECVD using oxidation of SiH 4 with 
N 2 0 coupled with N 2 0 and Ar (SiH 4 /N 2 0/Ar flow ratio) to adjust the refractive index of the silica films; and PECVD 
using oxidation of SiH 4 with N 2 0 coupled with N 2 0 and NH 3 (SiH 4 /N 2 0/ NH 3 flow ratio) to adjust the refractive index 
of the silica films. 

[0009] None of these prior art techniques satisfactorily addresses the problem of achieving high quality films with 
the ability to create the desired difference in refractive index between adjacent films, for example, forming the core and 
cladding layers of an optical waveguide. 



30 



35 



40 



45 



50 



55 



Summary of the Invention 

[0010] In its broad aspect the present inven tion provides a method of depo siting optical qu ality films by PECVD 
"(Plasma Enhanced Chemical Vapour Deposition)7comprising depositing an optical film by PECVD (Plasma Enhanced 
Chemical Vapour Deposition) in the presence of reactive gases; and controlling the flow rate of at least one of said 
reactive gases to minimize unwanted absorption peaks in the deposited film. 

[0011] Typically the optical film is silica. The reactive gas is normally PH 3 , but it can also be, for example, diborane, 
B 2 H 6 , Arsine (AsH 3 ), Titanium hydride, TiH 4 or germane, GeH 4 , Silicon Tetrafluoride, SiF 4 of carbon tetrafluoride, CF 4 . 
[0012] The invention can be used for the fabrication of silica waveguides using the PECVD technique. Independent 
control of the reactive gases, such as SiH 4 , N 2 0 N 2 and PH 3 as well as of the total deposition pressure is carried out 
via an automatic control of the pumping speed of the vacuum pump in a six-dimensional space. This includes, in a 
preferred embodiment, as a first independent variable, the SiH 4 flow; as second independent variable, the N 2 0 flow; 
as a third independent variable, the N 2 flow; as a fourth independent variable, the PH 3 flow; as a fifth independent 
variable; the total deposition pressure (controlled by an automatic adjustment of the pumping speed); and as sixth 
independent variable the observed waveguide characteristics. 

[001 3] The present inventors have shown that the variation of the PH 3 flow rate while maintaining the other variables 
constant is a key factor in achieving the required different in refractive index, *delta-n\ while still eliminating undesirable 
residual Si:N-H oscillators (observed as a FTIR peak centered at 3380 cm" 1 ) after thermal treatment at low post- 
deposition temperature. The invention permits the production of improved silica waveguides with reduced optical ab- 
sorption in the 1 .55 u.m wavelength (and/or 1 .30 wavelength) optical region and allows the fabrication of high perform- 
ance optical quality Multiplexers (Mux) and Demultiplexers (Dmux) with improved performances in the 1.55 u.m wave- 
length video signal optical band (and/or in the 1.30 pin wavelength bi-directional narrow optical band). 
[0014] The invention can be implemented using a commercially available PECVD system, the "Concept One" system 
manufactured by Novellus Systems of California, USA. 

[0015] Our co-pending US patent application filed on April 13, 2001 shows the surprising effect of the fourth inde- 
pendent variable, the total deposition pressure, on the optimization of the optical properties of various buffers (clad- 
dings), in a five-dimensional space. In this case, the five-dimensional space consists of a first independent variable, 
the SiH 4 gas flow, typically fixed at 0.20 std litre/min; a second independent variable, the N 2 0 gas flow, tyipcally fixed 
at 6.00 std litre/min; a third independent variable, the N 2 gas flow, typically fixed at 3.15 std litre/min; a fourth independent 
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variable, the total deposition pressure, which is varied; and a fifth dimension being provided by he observed FTIR 
characteristics of various buffers (claddings), as reported in: Figure 1a, Figure 2a, Figure 4a, Figure 5a, Figure 6a and 
Figure 7a. As reported in this application the the total deposition pressure can be set at 2.00 Torn 2.10 Torn 2.20 Torr, 
2.30 Torn 2.40 Torn 2.50 Tom or 2.60 Torr. 
5 [0016] The present invention is based on the surprising effect the fifth independent variable, the phosphine, PH 3 , 
gas flow, has on the simultaneous optimization of the optical properties of the various buffers (claddings) and cores in 
a six-dimensional space. 

[0017] In accordance with the principles of the invention, typically the first independent variable, the SiH 4 gas flow, 
is fixed at 0.20 std litre/min; the second independent variable, the N 2 0 gas flow, is fixed at 6.00 std litre/min; and the 

10 third independent variable, the N 2 gas flow, is fixed at 3.15 std litre/min. 

[0018] The fourth independent variable, the PH 3 gas flow, is varied and can take one of the following values: 0.00 
std litre/min; 0.12 std litre/min; 0.25 std litre/min; 0.35 std litre/min; 0.50 std litre/min; 0.65 std litre/min; 
[0019] The fifth independent variable, the total deposition pressure, is typically fixed at 2.60 Torn and the sixth di- 
mension is provided the observed FTIR characteristics of various cores, as illustrated in: Figure 1b, Figure 2b, Figure 

15 3, Figure 4b, Figure 5b, Figure 6b, and Figure 7b. 

[0020] This new technique is key to achieving the required 'delta-n' while eliminating the undesirable residual Si:N-H 
oscillators (observed as a FTIR peak centered at 3380 crrr 1 ) after thermal treatment at low post-deposition temperature. 
It permits the production of improved silica waveguides with reduced optical absorption in the 1.55 u.m wavelength 
(and/or 1.30 wavelength) optical region and allows the fabrication of high performance optical quality Multiplexers 

20 (Mux) and Demultiplexers (Dmux) with improved performances in the 1 .55 jim wavelength video signal optical band 
(and/or in the 1.30 u.m wavelength bi-directional narrow optical band). 

[0021] The invention also provides a method of depositing optical quality films by PECVD (Plasma Enhanced Chem- 
ical Vapour Deposition), comprising creating a six-dimensional space wherein five dimensions thereof correspond to 
five respective independent variables of which a set of four independent variables relate to the flow-rate of respective 
25 gases, a fifth independent variable relates to total pressure, and a six dimension relates to observed FTIR character- 
istics; and depositing an optical film while maintaining three of said set of four independent variables substantially 
constant as well as said fifth independent variable, and varying a fourth of said set of four independent variables to 
obtain desired characteristics in said sixth dimension. 

30 Brief Description of the Drawings 

[0022] The invention will now be described in more detail, by way of example only, with reference to the accompanying 
drawings, in which;- 

[0023] Figure 1a shows the basic FTIR spectra of various Buffers (CI ads) obtained with the PECVD deposition tech- 
35 nique described in our pending patent application after a three hours long high temperature thermal treatment in a 
nitrogen ambient at a low temperature of 800°C; 

[0024] Figure 1b shows the basic FTIR spectra of various Cores obtained at 2.60 Torr with the new PECVD deposition 
technique after a three hours long high temperature thermal treatment in a nitrogen ambient at a low temperature of 
800°C; 

^0 [0025] Figure 2a shows the in-depth FTIR spectra from 810 to 1000 cm' 1 of various Buffers (Clads) obtained with 
the PECVD deposition technique described in our other pending patent application and after a three hours long high 
temperature thermal treatment in a nitrogen ambient at a low temperature of 800°C; 

[0026] Figure 2b shows the in-depth FTIR spectra from 810 to 1 000 cnrr 1 of various Cores obtained at 2.60 Torr with 
the new PECVD deposition technique after a three hours long high temperature thermal treatment in a nitrogen ambient 
45 at a low temperature of 800°C; 

[0027] Figure 3 shows the in-depth FTIR spectra from 1 260 to 1 500 cnr 1 of various Cores obtained at 2.60 Torr with 
the new PECVD deposition technique after a three hours long high temperature thermal treatment in a nitrogen ambient 
at a low temperature of 800° C; 

[0028] Figure 4a shows the in-depth FTIR spectra from 1500 to 1600 cm- 1 of various buffers (claddings) obtained 
so with the PECVD deposition technique described in our co-pending patent application and after a three hours long high 
temperature thermal treatment in a nitrogen ambient at a low temperature of 800° C; 

[0029] Figure 4b shows the in-depth FTIR spectra from 1500 to 1600 cm' 1 of various Cores obtained at 2.60 Torr 
with the new PECVD deposition technique after a three hours long high temperature thermal treatment in a nitrogen 
ambient at a low temperature of 800°C; 
55 [0030] Figure 5a shows the in-depth FTIR spectra from 1700 to 2200 cnr 1 of various Buffers (Clads) obtained with 
the PECVD deposition technique described in our other pending patent application and after a three hours long high 
temperature thermal treatment in a nitrogen ambient at a low temperature of 800°C; 

[0031] Figure 5b shows the in-depth FTIR spectra from 1700 to 2200 cm- 1 of various Cores obtained at 2.60 Torr 
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with the new PECVD deposition technique after a three hours long high temperature thermal treatment in a nitrogen 
ambient at a low temperature of 800°C; 

[0032] Figure 6a shows the in-depth FTIR spectra from 2200 to 2400 cm' 1 of various buffers (claddings) obtained 
with the PECVD deposition technique described in our other pending patent application and after a three hours long 
5 high temperature thermal treatment in a nitrogen ambient at a low temperature of 800°C; 

[0033] Figure 6b shows the in-depth FTIR spectra from 2200 to 2400 cm- 1 of various Cores obtained at 2.60 Torr 
with the new PECVD deposition technique after a three hours long high temperature thermal treatment in a nitrogen 
ambient at a low temperature of 800°C; 

[0034] Figure 7a show the in-depth FTIR spectra from 3200 to 3900 crrr 1 of various buffers (claddings) obtained 
10 with the PECVD deposition technique described in our other pending patent application and after a three hours long 
high temperature thermal treatment in a nitrogen ambient at a low temperature of 800°C; 

[0035] Figure 7b shows the in-depth FTIR spectra from 3200 to 3900 cm- 1 of various Cores obtained at 2.60 Torr 
with the new PECVD deposition technique after a three hours long high temperature thermal treatment in a nitrogen 
ambient at a low temperature of 800°C; 

15 [0036] Figure 8a shows the effect of the total deposition pressure on the 1 .55 u.m TE mode refractive index of various 
Buffers (Clads) and Cores deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, a fixed N 2 0 gas flow of 6.00 std litre/ 
min, a fixed N 2 gas flow of 3.15 std litre/min and following a thermal treatment in a nitrogen ambient at 800°C; 
[0037] Figure 8b shows the effect of the PH3 flow rate on the 1 .55 u.m TE mode refractive index of various Buffers 
(Clads) and Cores deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, a fixed N 2 0 gas flow of 6.00 std litre/min, a 

20 fixed N 2 gas flow of 3.15 std litre/min, a fixed deposition pressure of 2.60 Torr and following a thermal treatment in a 
nitrogen ambient at 800° C; 

[0038] Figure 9a shows the effect of the total deposition pressure on the integrated area under the 3380 cm- 1 FTIR 
peak of the Si:N-H oscillators of various Buffers (claddings) and cores deposited at a fixed SiH 4 gas flow of 0.20 std 
litre/min, at a fixed N 2 0 gas flow of 6.00 std litre/min, at a fixed N 2 gas flow of 3.1 5 std litre/min and following a thermal 

25 treatment in a nitrogen ambient at 800°C; 

[0039] Figure 9b shows the effect of the PH3 flow rate on the integrated area under the 3380 cm- 1 FTIR peak of the 
Si:N-H oscillators of various Buffers (Clads) and Cores deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, at a 
fixed N 2 0 gas flow of 6.00 std litre/min, at a fixed N 2 gas flow of 3.15 std litre/min, at a fixed deposition pressure of 
2.60 Torr and following a thermal treatment in a nitrogen ambient at 800°C; 

30 [0040] Figure 10a shows the infrared optical absorption spectra of PECVD silica waveguides obtained with: The 
Optimized Buffer (Clad) (SiH 4 = 0.20 std litre/min; N 2 0 = 6.00 std litre/min; N2 = 3.15 std litre/min; PH 3 = 0.00 std litre/ 
~. min;.deposrtion. pressure- 2,60T^^ 

N2 = 3.15 std litre/min; PH 3 = 0.00 std litre/min; deposition pressure = 2.20 Torr) following 3 thermal treatment in a 
nitrogen ambient at 800°C; and . 

35 [0041] Figure 10b shows the infrared optical absorption spectra of PECVD silica waveguides obtained with: The 
Optimized Buffer (Clad) (SiH 4 = 0.20 std litre/min; N 2 0 = 6.00 std litre/min; N2 = 3.15 std litre/min; PH 3 = 0.00 std litre/ 
min; deposition pressure = 2.60 Torr) and Optimized Core (SiH 4 = 0.20 std litre/min; N 2 0 = 6.00 std litre/min; N2 = 
3.15 std litre/min; PH 3 = 0.57 std litre/min; deposition pressure = 2.60 Torr) following a thermal treatment in a nitrogen 
ambient at 800°C. 

40 

Detailed Description of the Preferred Embodiments 

The effect of the PH 3 gas flow on the FTIR characteristics of various Cores 

45 [0042] The basic FTIR spectra of various buffers (claddings) obtained with the PECVD deposition technique de- 
scribed in our co-pending patent application and after a three-hour long high temperature thermal treatment in a nitrogen 
ambient at a low temperature of 800°C are shown in Figure 1a. This shows a gradually more intense and smaller 
FWHM Si-O-Si "rocking mode" absorption peak (between 410 and 510 cnrr 1 ) as the deposition pressure is increased . 
from 2.00 Torr to 2.40 Torr and then a gradually less intense and larger FWHM Si-O-Si "rocking mode" absorption peak 

so as the pressure is further increased from 2.40 Torr to 2.60 Torr; a gradually more intense and smaller FWHM Si-O-Si 
"in-phase-stretching mode" absorption peak (between 1000 and 1160 cm" 1 ) indicating a much more stoichiometric 
silica films with the optimum density and optimum Si-O-Si bond angle of 144° ) as the deposition pressure is increased 
from 2.00 Torr to 2.40 Torr and then a gradually less intense and FWHM Si-O-Si "in-phase-stretching mode" absorption 
as the pressure is further increased from 2.40 Torr to 2.60 Torn and a gradually more evident separation between the 

55 Si-O-Si "in-phase-stretching mode" absorption peak (1080 crrr 1 ) and the Si-O-Si "bending mode" absorption peak (810 
cm* 1 ) with a gradually deeper valley between 850 and 1000 cnrr 1 as the deposition pressure is increased from 2.00 
Torr to 2.40 Torr and then a gradually less evident separation and a gradually less deep valley between 850 and 1000 
cm- 1 as the pressure is further increased from 2.40 Torr to 2.60 Torr. 
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[0043] Figure 1b shows the basic FTIR spectra of various cores obtained the PECVD deposition technique in ac- 
cordance with the principles of the invention and after a three-hour long high temperature thermal treatment in a nitrogen 
ambient at a low temperature of 800°C. At a fixed deposition pressure of 2.60 Torr, the control of the PH 3 gas flow 
independently of the SiH 4 gas flow, of the N 2 0 gas flow and of the N 2 gas flow has no effect on the basic FTIR spectra 
5 of the treated silica films. 

[0044] The intense and small FWHM Si-O-Si "rocking mode" absorption peak (between 410 and 510 crrr 1 ) of the 
fixed deposition pressure of 2.60 Torr of Figure 1 a is maintained in Figure 1 b as the PH 3 flow rate is gradually increased 
from 0.00 std litre/min to 0.65 std iitre/min. 

[0045] The intense and small FWHM Si-O-Si "in-phase-stretching mode" absorption peak (between 1000 and 1160 
10 cm- 1 ) of the fixed deposition pressure of 2.60 Torr of Figure 1a is maintained in Figure 1b as the PH 3 flow rate is 
gradually increased from 0.00 std litre/min to 0.65 std litre/min; 

[0046] The separation between the Si-O-Si "in-phase-stretching mode" absorption peak (1 080 crrr 1 ) and the Si-O-Si 
"bending mode" absorption peak (810 cm" 1 ) with a deep valley between 850 and 1000 cnr 1 of the fixed deposition 
pressure of 2.60 Torr of Figure 1a is maintained in Figure 1b as the PH 3 flow rate is gradually increased from 0.00 std 
15 litre/min to 0.65 std litre/min. 

The 810 to 1000cm- 1 FTIR spectra 

[0047] Figure 2a shows the in-depth FTIR spectra from 81 0 to 1 000 cm' 1 of various buffers (claddings) obtained with 
20 the PECVD deposition technique described in our co-pending patent application and after a three-hour long high tem- 
perature thermal treatment in a nitrogen ambient at a low temperature of 800°C. This shows a gradually better elimi- 
nation of the residual Si-OH oscillators (centered at 885 cm" 1 ) as the deposition pressure is increased from 2.00 Ton* 
to 2.40 Torr and then a gradually worse elimination as the pressure is further increased from 2.40 Torr to 2.60 Torn a 
gradually better elimination of the Si-ON oscillators (centered at 950 cnrr 1 ) of the residual SiONH and/or SiON 2 post- 
25 treatment compounds as the deposition pressure is increased from 2.00 Torr to 2.40 Torr and then gradually worse 
elimination as the deposition pressure is further increased from 2.40 Torr to 2.60 Torn and a gradually deeper valley 
between the Si-O-Si "in-phase-stretching mode" absorption peak (1080 cm- 1 ) and the Si-O-Si "bending mode" absorp- 
tion peak (810 crrr 1 ) as the deposition pressure is increased from 2.00 Torr to 2.40 Torr and then a gradually less 
deeper valley as the deposition pressure is further increased from 2.40 Torr to 2.60 Torr. 
30 [0048] Figure 2b shows the in-depth FTIR spectra from 81 0 to 1 000 cm" 1 of various Cores obtained with the following 
new PECVD deposition technique and after a three hours long high temperature thermal treatment in a nitrogen ambient 
at a low temperature of 800°C. At a fixed deposition pressure of 2.60 Torr, the control of the PH 3 gas flow independently 
of the SiH 4 gas flow, of the N 2 0 gas flow and of the N 2 gas flow has a slight positive effect on the 810 to 1000cm- 1 
FTIR spectra of the treated silica films: 
35 [0049] The elimination of the residual Si-OH oscillators (centered at 885 cm- 1 ) of the fixed deposition pressure of 
2.60 Torr of Figure 3a is maintained and in fact slightly improved as the PH 3 flow rate is gradually increased from 0.00 
std litre/min to 0.65 std litre/min. 

[0050] The elimination of the Si-ON oscillators (centered at 950 crrr 1 ) of the residual SiONH and/or SiON 2 post- 
treatment compounds of the fixed deposition pressure of 2.60 Torr of Figure 3a is maintained and in fact slightly im- 
40 proved as the PH 3 flow rate is gradually increased from 0.00 std litre/min to 0.65 std litre/min. 

[0051] The deep valley between the Si-O-Si "in-phase-stretching mode" absorption peak (1080 cm- 1 ) and the Si- 
O-Si "bending mode" absorption peak (810 cm" 1 ) of the fixed deposition pressure of 2.60 Torr of Figure 3a is maintained 
and in fact slightly improved as the PH 3 flow rate is gradually increased from 0.00 std litre/min to 0.65 std litre/min. 

« The 1200 to 1500cm- 1 FTIR spectra 

[0052] Figure 3 shows the in-depth FTIR spectra from 1200 to 1 500 crrr 1 of various cores obtained with the following 
new PECVD deposition technique and after a three hour-long high temperature thermal treatment in a nitrogen ambient 
at a low temperature of 800°C. At a fixed deposition pressure of 2.60 Torr, the control of the PH 3 gas flow independently 
so of the SiH 4 gas flow, of the N 2 0 gas flow and of the N 2 gas flow has a direct effect on the 1200 to 1500cm- 1 FTIR 
spectra of the treated silica films. 

[0053] The P=0 oscillators (centered at 1330 crrr 1 and which do not have a higher harmonics which could cause 
optical absorption in the 1.30 to 1.55 \in\ optical bands) effectively increase as the PH 3 flow rates is increased from 
0.00 std litre/min to 0.65 std litre/min. This FTIR absorption peak can be used to calibrate the phosphorus incorporation 
55 in the Core. 
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. The 1500 to 1600crrr 1 FTIR spectra 

[0054] Figure 4a shows the in-depth FTIR spectra from 1500 to 1600 crrr 1 of various Buffers (Claddings) obtained 
with the PECVD deposition technique described in our co-pending patent application and after a three-hour long high 
temperature thermal treatment in a nitrogen ambient at a low temperature of 800°C. This shows that the N=N oscillators 
are eliminated for all deposition pressures from 2.00 Torr to 2.60 Torr. 

[0055] Figure 4b shows the in-depth FTIR spectra from 1 500 to 1 600 crrr 1 of various cores obtained with the PECVD 
deposition technique in accordance with the principles of the invention and after a three-hour long high temperature 
thermal treatment in a nitrogen ambient at a low temperature of 800°C. At a fixed deposition pressure of 2.60 Torr, the 
control of the PH 3 gas flow independently of the SiH 4 gas flow, of the N 2 0 gas flow and of the N 2 gas flow has no effect . 
on the 1 500 to 1 600cm' 1 FTIR spectra of the treated silica films. 

[0056] The N=N oscillators are also eliminated for all PH 3 flow rates from 0.00 std litre/min to 0.65 std litre/min. 
The 1700 to 2200crrr 1 FTIR spectra 

[0057] Figure 5a shows the in-depth FTIR spectra from 1700 to 2200 cm* 1 of various Buffers (Claddings) obtained 
with the PECVD deposition technique described in our other pending patent application and after a three hours long 
high temperature thermal treatment in a nitrogen ambient at a low temperature of 800°C. 

[0058] The Si=0 oscillators (centered at 1875 cm- 1 and whose fourth harmonics could cause an optical absorption 
between 1.282 and 1.389 um) and on the unknown oscillator (centered at 2010 crrr 1 and which does not have a higher 
harmonics which could cause optical absorption in the 1.30 to 1.55 um optical bands) are not affected by any of the 
deposition pressures from 2.00 Torr to 2.60 Torr. This limitation is not that important since only the fourth harmonics 
of the Si=0 oscillators which can absorb in the 1.30 to 1.55 um optical bands. 

[0059] Figure 5b shows the in-depth FTIR spectra from 1 700 to 2200 cnr 1 of various cores obtained with the PECVD 
deposition technique in accordance with the principles of the invention and after a three-hour long high temperature 
thermal treatment in a nitrogen ambient at a low temperature of 800°C. At a fixed deposition pressure of 2.60 Torr, the 
control of the PH 3 gas flow independently of the SiH 4 gas flow, of the N 2 0 gas flow and of the N 2 gas flow has no effect 
on the 1700 to 2200cm- 1 FTIR spectra of the treated silica films. 

[0060] The Si=0 oscillators (centered at 1875 cm- 1 and whose fourth harmonics could cause an optical absorption 
between 1 .282 and 1 .389 um) and on the unknown oscillator (centered at 2010 cm- 1 and which does not have a higher 
harmonics which could cause optical absorption in the 1 .30 to 1 .55 um optical bands) are not affected by any of all 
PH 3 -flow-rates-from-0:00 std-lto^ 

harmonics of the Si=0 oscillators which can absorb in the 1 .30 to 1 .55 um optical bands. 
The 2200 to 2400cnr 1 FTIR spectra 

[0061] Figure 6a shows the in-depth FTIR spectra from 2200 to 2400 cm- 1 of various buffers (claddings) obtained 
with the PECVD deposition technique described in our co-pending patent application and after a three-hour long high 
temperature thermal treatment in a nitrogen ambient at a low temperature of B0CPC. 

[0062] The Si-H oscillators (centered at 2260 cm- 1 and whose third harmonics could cause an optical absorption 
between 1 .443 and 1 .508 um) are completely eliminated for all of the deposition pressures from 2.00 Torr to 2.60 Torr. 
[0063] Figure 6b shows the in-depth FTIR spectra from 2200 to 2400 crrr 1 of various cores obtained with the PECVD 
deposition technique in accordance with the principles of the invention and after a three-hour long high temperature 
thermal treatment in a nitrogen ambient at a low temperature of 800°C. At a fixed deposition pressure of 2.60 Torr, the 
control of the PH 3 gas flow independently of the SiH 4 gas flow, of the N 2 0 gas flow and of the N 2 gas flow has no effect 
on the 2200 to 2400cm" 1 FTIR spectra of the treated silica films. 

[0064] The Si-H oscillators (centered at 2260 cm- 1 and whose third harmonics could cause an optical absorption 
between 1.443 and 1.508 um) are still completely eliminated by any of all PH 3 flow rates from 0.00 std litre/min to 0.65 
std litre/min. 

The 3200 to 3900cm" 1 FTIR spectra 

[0065] Figure 7a shows the in-depth FTIR spectra from 3200 to 3900 cm- 1 of various buffers (bladdings) obtained 
with the PECVD deposition technique described in our co-pending patent application and after a three-hour long high 
temperature thermal treatment in a nitrogen ambient at a low temperature of 800°C. 

[0066] The HO-H oscillators (centered at 3650 cm- 1 , showing trapped water vapour in the micro-pores of the silica 
films and whose second harmonics could cause an optical absorption between 1 .333 and 1 .408 um) are completely 
eliminated for all of the deposition pressures from 2.00 Torr to 2.60 Torr. 
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[0067] The SiO-H oscillators (centered at 351 0 cm- 1 and whose second harmonics could cause an optical absorption 
between 1.408 and 1.441 urn) are completely eliminated for all of the deposition pressures from 2.00 Torrto 2.60 Torn 
[0068] The SiN-H oscillators (centered at 3420 cnv 1 and whose second harmonics could cause an optical absorption 
between 1.445 and 1.479 jim) are gradually eliminated as the deposition pressure is increased from 2.00 Torr to 2.60 
5 Torr. 

[0069] The Si:N-H oscillators (centered at 3380 cm" 1 and whose second harmonics could cause an optical absorption 
between 1 .445 and 1.515 um) are gradually eliminated as the deposition pressure is increased from 2.00 Torr to 2.60 
Torr. This spectacular complete elimination at such a low thermal treatment temperature of only 800°C is really signif- 
icant because it requires the thermal breaking two covalent bonds binding the nitrogen atom to the silicon atom of the 
10 Si0 2 network. It is to be concluded that the increase of deposition pressure from 2.00 Torr to 2.60 Torr minimizes the 
formation of such residual Si:N-H oscillators with two covalent bonds. 

[0070] Figure 7b shows the in-depth FTIR spectra from 3200 to 3900 crrr 1 of various Cores obtained with the following 
new PECVD deposition technique and after a three-hour long high temperature thermal treatment in a nitrogen ambient 
at a low temperature of 800°C. At a fixed deposition pressure of 2.60 Torr, the control of the PH 3 gas flow independently . 
15 of the SiH 4 gas flow, of the N 2 0 gas flow and of the N 2 gas flow has no effect on the 2200 to 2400cm" 1 FTIR spectra 
of the treated silica films:. 

[0071] The HOH oscillators (centered at 3650 crrr 1 , showing trapped water vapour in the micro-pores of the silica 
films and which second harmonics could cause an optica! absorption between 1 .333 and 1 .408 ujti) are still completely 
eliminated by any of all PH 3 flow rates from 0.00 std litre/min to 0.65 std litre/min. 
20 [0072] The SiO-H oscillators (centered at 351 0 cnr 1 and whose second harmonics could cause an optical absorption 
between 1 .408 and 1 .441 ujti) are still completely eliminated by any of all PH 3 flow rates from 0.00 std litre/min to 0.65 
std litre/min. 

[0073] The SiN-H oscillators (centered at 3420 crrr 1 and whose second harmonics could cause an optical absorption ; 
between 1 .445 and 1 .479 um) are still completely eliminated by any of all PH 3 flow rates from 0.00 std litre/min to 0.65 
25 std litre/min; 

[0074] The Si:N-H oscillators (centered at 3380 cm- 1 and which second harmonics could cause an optical absorption 
between 1 .445 and 1.515 urn are still completely eliminated by any of all PH 3 flow rates from 0.00 std litre/min to 0.65 
std litre/min. This complete elimination at such a low thermal treatment temperature of only 800°C is really spectacular 
because it requires thermally breaking two covalent bonds binding the nitrogen atom to the silicon atom of the Si0 2 
30 network. It is to be concluded that at this deposition pressure of 2.60 Torr the increase of PH 3 flow rate from 0.00 std 
litre/min to 0.65 std litre/min still minimizes the formation of such residual Si:N-H oscillators with two covalent bonds. 

The potential effect of the PH 3 gas flow on optical absorption in the 1 .30 to 1 .55 ujti optical bands 

35 [0075] The various FTIR spectra show that, at a fixed pressure of 2.60 Torr, the control of the PH 3 gas flow, inde- 
pendently of the other deposition variables in this six-dimensional space, should have no effect on the optical absorption 
in the 1.55 urn wavelength (and/or 1.30 wavelength) optical region. 

[0076] Figure 1b shows that PH 3 gas flow has no effect on: the Si-O-Si "rocking mode" (460 cm" 1 ) and Si-O-Si "in- 
phase-stretching mode" (1080 crrr 1 ) oscillators; 

40 [0077] Figure 2b shows that PH 3 gas flow has a slight positive effect on: the Si-O-Si "bending mode" oscillator (810 
cm" 1 ); on the Si-OH oscillator (centered at 885 cm- 1 ); on the Si-ON oscillator (centered at 950 crrr 1 ) and; on the Si- 
O-Si "in-phase-stretching mode" oscillator (1080 cm" 1 ). The observed positive effects on these four oscillators should 
have no effect on the optical absorption of the various Cores in the 1 .55 um wavelength (and/or 1 .30 wavelength) 
optical region because optical absorption in the 1 .30-1 .55 um optical band is only possible by the very high harmonics 

45 of these oscillators: the 8 th vibration harmonics of the Si-O-Si "bending mode" oscillator; the 8 th vibration harmonics 
of the Si-OH oscillator; the 7 th vibration harmonics of the Si-ON oscillator and; the 6 th vibration harmonics of the Si- 
O-Si "in-phase-stretching mode" oscillator; 

[0078] Figure 3 shows that PH 3 gas flow has a very direct effect on the P=0 oscillator (1330 cm' 1 ) which does not 
have a higher harmonics which could cause optical absorption in the 1 .30-1 .55 urn optical band. 
so [0079] Figure 4b shows that PH 3 gas flow has no effect on the N=N oscillator (1 555 crrr 1 ). 

[0080] Figure 5b shows that PH 3 gas flow has no effect on the Si=0 oscillator (1875 cm' 1 ) or on the the unknown 
oscillator (2010 cm- 1 ). 

[0081] Figure 6b shows that PH 3 gas flow has no effect on the Si-H oscillator (2260 crrr 1 ). 
[0082] Figure 7b shows that PH 3 gas flow has no effect on: the HO-H oscillator (3650 cm- 1 ); the SiO-H oscillator 
55 (3510 cm- 1 ); the SiN-H oscillator (3420 crrr 1 ) and; the Si:N-H oscillator (3380 crrr 1 ). 
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The effect of the total deposition pressure and of the PH 3 gas flow on the 1 .55um TE mode refractive index 

[0083] Figure 8a shows the effect of the total deposition pressure on the 1.55 u.m Transversal Electric (TE) mode 
refractive index of various buffers (claddings) and cores deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, a fixed 
5 N 2 0 gas flow of 6.00 std litre/min, a fixed N 2 gas flow of 3. 1 5 std litre/min and following a thermal treatment in a nitrogen 
ambient at 800°C. As noted in our co-pending patent application, it is clear that the introduction of the fourth independent 
variable, the total deposition pressure, is critical for the development of optimized optical buffers (claddings) and cores 
and that the control of this parameter is of prime importance for the repeatable achievement of high quality optical 
buffers (claddings) and cores. At this point it should be repeated that typical vacuum pumping systems used in PECVD 
10 equipment (i.e. rotary vane mechanical pumps, roots blowers, turbo-molecular pumps or others) suffer from many 
sources of pumping speed variation over time (variation of the AC electrical power source, variation of the pumping 
conductance due to accumulation of residues in the protection scrubber or pumping lines etc). 
[0084] It might thus be expected that a PECVD deposition condition involving a fixed set of gas flow parameters 
would suffer from a non-repeatability of the 1 .55ujti TE mode refractive index. In order to achieve the required 'delta- 
's n" of 0.015, Figure 8a shows that one possible way to achieve the required 'delta-n' is to associate to the optically . 
transparent optimized buffer of refractive index 1.440, deposited at 2.60 Torr with no PH 3 gas flow, and a core of 
refractive index 1.455, deposited at about 2.20 Torr with no PH 3 gas flow. 

[0085] Figure 8b shows the effect of the PH 3 gas flow on the 1.55 \un TE mode refractive index of various buffers 
(claddings) and cores deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, a fixed N 2 0 gas flow of 6.00 std litre/min, 
20 a fixed N 2 gas flow of 3.15 std litre/min, a fixed deposition pressure of 2.60 Torr and following a thermal treatment in 
a nitrogen ambient at 800°C. 

[0086] In order to get the required 'delta-n' of 0.015, this Figure 8b shows that another possible way to achieve the 
required 'delta-n* is to associate to the optically transparent Optimized Buffer of refractive index 1 .440, deposited at 
2.60 Torr with no PH 3 gas flow, a Core of refractive index 1 .455, deposited at 2.60 Torr with about 0.57 std litre/min of 
25 PH 3 gasflow. 

The integrated area under the 3380cm' 1 Si:H-H oscillator of the FTIR spectra 

[0087] Figure 9a shows the spectacular effect of the total deposition pressure on the integrated area under the 3380 
30 cm* 1 FTIR peak of the Si:N-H oscillators of various buffers (claddings) and cores deposited at a fixed SiH 4 gas flow of 
0.20 std litre/min, at a fixed N 2 0 gas flow of 6.00 std litre/min, at a fixed N 2 gas flow of 3.1 5 std iitre/min and following 
— a thermal-treatment in a nitrogen ambient at-800°C: The integrated area-under the 3380 cm' 1 FTIR peak-is a non=~ 
calibrated relative measurement of the number of residual this Si:N-H oscillators bonded to the Si0 2 network by two 
covalent Si-N bonds. 

35 [0088] It is clearthat the elimination of the residual Si:N-H oscillators, whose 2 nd vibration harmonics cause an optical 
absorption between 1.445 and 1.515 ujti, is gradually more complete as the deposition pressure is increased from 
2.00 Torr to 2.60 Torr (after a low thermal treatment temperature of only 800°C). It is clear that the possible core of 
Figure 9a (refractive index 1.455, deposited at about 2.20 Torr with no PH 3 gas flow ) is associated with an excessive 
number of undesirable residual Si:N-H oscillators whose 2 nd vibration harmonics cause an optical absorption between 

40 1.445 and 1.515 ujti. 

[0089] Figure 9b shows the effect of the PH 3 gas flow on the integrated area under the 3380 cnrr 1 FTIR peak of the 
Si:N-H oscillators of various buffers (claddings) and cores deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, at a 
fixed N 2 0 gas flow of 6.00 std litre/min, at a fixed N 2 gas flow of 3.15 std litre/min, at a fixed deposition pressure of 
2.60 Torr and following a thermal treatment in a nitrogen ambient at 800°C. The integrated area under the 3380 cm- 1 
45 FTIR peak is almost independent of the PH 3 gas flow meaning that the elimination of the residual Si:N-H oscillators, 
whose 2 nd vibration harmonics cause an optical absorption between 1.445 and 1.515 ujti, is independent of the PH 3 
gas flow (after a low thermal treatment temperature of only 800°C). 

[0090] It is clear that to the core of Figure 8b (refractive index 1 .455, deposited at 2.60 Ton with about 0.57 std litre/ 
min of PH 3 gas flow ) is associated with a negligible number of undesirable residual Si:N-H oscillators whose 2 nd 
50 vibration harmonics cause an optical absorption between 1.445 and 1.515 ujti. 

The effect of the PH 3 gas flow on the optical absorption of various waveguides 

[0091] Figure 10a shows the infrared optical absorption spectra of PECVD silica waveguides obtained with: the 
55 Optimized buffer (cladding) (SiH 4 = 0.20 std litre/min; N 2 0 = 6.00 std litre/min; N2 = 3.15 std litre/min; PH 3 = 0.00 std 
litre/min; deposition pressure = 2.60 Torr) and the Non-optimized core (SiH 4 = 0.20 std irtre/min; N 2 0 = 6.00 std litre/ 
min; N2 = 3.15 std litre/min; PH 3 = 0.00 std litre/min; deposition pressure = 2.20 Torr) following a thermal treatment in 
a nitrogen ambient at 800°C. As predicted by the upper-discussed FTI R spectra, it is clear that this waveguide of 'delta- 
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n' of 0.015 is associated with many residual Si:H-H oscillators (and the residual SiN-H oscillators) which cause exces- 
sive optical absorption between 1.445 and 1.515 u,m. 

[0092] Figure 10b shows the infrared optical absorption spectra of PECVD silica waveguides obtained with: the 
Optimized buffer (cladding) (SiH 4 = 0.20 std litre/min; N 2 0 = 6.00 std litre/min; N2 = 3.15 std litre/min; PH 3 = 0.00 std 

5 litre/min; deposition pressure = 2.60 Torr) and the Optimized core (SiH 4 = 0.20 std litre/min; N 2 0 = 6.00 std litre/min; 
N2 = 3.15 std litre/min; PH 3 = 0.57 std litre/min; deposition pressure = 2.60 Torr) following a thermal treatment in a 
nitrogen ambient at 800°C. As predicted by the upper-discussed FTIR spectra, it is clear that this second waveguide 
of'delta-n' of 0.015 is associated with a negligible number of residual Si:H-H oscillators (and the residual SiN-H oscil- 
lators) which cause negligible optical absorption between 1.445 and 1.515 urn. 

10 [0093] In summary, the above examples show the important role that the fifth independent variable, the phosphine, 
PH 3 , gas flow, plays on the simultaneous optimization of the optical properties of the various buffers (claddings) and 
cores in a six-dimensional space. In a preferred embodiment, the first independent variable, the SiH 4 gas flow, is fixed 
at 0.20 std litre/min; the second independent variable, the N 2 0 gas flow, is fixed at 6.00 std litre/min; the third inde- 
pendent variable, the N 2 gas flow, is fixed at 3.15 std litre/min; and the fourth independent variable, the PH 3 gas flow, 

15 is varied and selected from the following values: 0.00 std litre/min; 0.12 std litre/min; 0.25 std litre/min; 0.35 std litre/ 
min; 0.50 std litre/min; 0.65 std litre/min. 

[0094] The fifth independent variable, the total deposition pressure, is fixed at 2.60 Torr. The sixth dimension is the 
observed FTIR characteristics of various cores, as reported in: Figure 1b, Figure 2b, Figure 3, Figure 4b, Figure 5b, 
Figure 6b, and Figure 7b. 

20 [0095] As demonstrated, the above-described technique permits the required "delta-n* to be achieved while eliminat- 
ing the undesirable residual Si:N-H oscillators (observed as a FTIR peak centered at 3380 crrr 1 ) after thermal treatment 
at low post-deposition temperature to provide improved silica waveguides with reduced optical absorption in the 1.55 
u.m wavelength (and/or 1.30 wavelength) optical region and to allow the fabrication of high performance optical quality 
Multiplexers (Mux) and Demultiplexers (Dmux) with improved performances in the 1.55 urn wavelength video signal 

25 optical band (and/or in the 1.30 urn wavelength bi-directional narrow optical band). - 

[0096] The comparison of the various PECVD approaches summarised in Figure 1 and of our co-pending patent 
application shows that the proposed PECVD approach for the achievement of the buffers (claddings) is unique in that 
it uses an independent control of the SiH 4 , N 2 0 and N 2 gases as well as of the total deposition pressure via an automatic 
control of the pumping speed of the vacuum pump in a five-dimensional space to improve the elimination of undesirable 

30 Si-O x -H y -N z compounds due to an improved elimination of N 2 , 0 2 , HNO, NH 3 , H 2 0, and H 2 gaseous compounds that 
must be eliminated from the micro-pores of the growing silica films up to their surface and from their surface through 
the gaseous boundary layer present near their surface. This effect is due to the fact that the equilibrium is affected by 
a modification of the number of gaseous compounds; i.e. the number of gaseous product compound molecules is 
different than three, the number of gaseous reactant compound molecules: 

35 

SiH 4 (g) + 2N 2 0(g) -* Various products 

[0097] The various references cited in the above table use: SiH 4 /N 2 0 gas flow ratios in a two-dimensional space (a 
40 unique independent variable, the SiH 4 /N 2 0 ratio, and the observed variable, the observed characteristics); SiH 4 /N 2 0/ 
N 2 gas flow ratios in a three-dimensional space (a first independent variable, the SiH 4 /N 2 0 ratio, a second independent 
variable, N 2 0/N 2 ratio, and the observed variable, the observed characteristics); SiH 4 , N 2 0, N 2 gas flows in a four- 
dimensional space (a first independent variable, the SiH 4 flow, a second independent variable, the N 2 0 flow, a third 
independent variable the N 2 flow, and the observed variable, the observed characteristics); 
45 [0098] In accordance with the principles of the present invention, the spectacular effect of a fifth independent variable, 
the phosphine, PH 3 , gas flow, oh the simultaneous optimization of the optical properties of the various is clearly dem- 
onstrated by the FTIR spectra of various deposited cores in a six-dimensional space. 

[0099] In one specific example the first independent variable, the SiH 4 gas flow, is fixed at 0.20 std litre/min; the 
second independent variable, the N 2 0 gas flow, is fixed at 6.00 std litre/min; the third independent variable, the N 2 gas 

50 flow, is fixed at 3.15 std litre/min; the fourth independent variable, the PH 3 gas flow, is varied among the following 
values: 0.00 std litre/min, 0.12 std litre/min, 0.25 std litre/min, 0.35 std litre/min, 0.50 std litre/min, and 0.65 std litre/ 
min; the fifth independent variable, the total deposition pressure, is fixed at 2.60 Tom and the sixth dimension forming 
part of the six-dimensional space is the observed FTIR characteristics of various Cores, as reported in: Figure 1b, 
Figure 2b, Figure 3, Figure 4b, Figure 5b, Figure 6b, and Figure 7b which show that, at a fixed pressure of 2.60 Torr, 

55 the control of the PH 3 gas flow, independently of the other deposition variables in this six-dimensional space, should 
have no effect on the optical absorption in the 1.55 urn wavelength (and/or 1.30 wavelength) optical region. 
[0100] In order to achieve the required 'delta-n' of 0.015 (TE mode at 1.55 urn) between the buffer (cladding) and 
the core of the waveguides, Figure 8a shows that a first waveguide option would be the association of the optically 
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transparent optimized buffer of refractive index 1 .440 (deposited at a fixed SiH 4 gas flow of 0.20 std litre/min/ at a fixed 
N 2 0 gas flow of 6.00 std litre/min, at a fixed N 2 gas flow of 3.15 std litre/min, at a fixed PH 3 gas flow of 0.00 std litre/ 
min, at a fixed pressure of 2.60 Torr and following a thermal treatment in a nitrogen ambient at 800°C) and of a core 
of refractive index 1.455 deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, at a fixed N 2 0 gas flow of 6.00 std 
5 , litre/min, at a fixed N 2 gas flow of 3.15 std litre/min, at a fixed PH 3 gas flow of 0.00 std litre/min, at a fixed pressure of 
2.20 Torr and following a thermal treatment in a nitrogen ambient at 800°C. 

[0101] Unfortunately, Figure 9a shows that to this first Core option is associated an important integrated area under 
the 3380 cm" 1 FTIR peak of the Si:N-H oscillators bonded to the Si0 2 network by two covalent Si-N bonds and, because 
the 2 nd vibration harmonics of these Si:N-H oscillators will cause an optical absorption between 1.445 and 1.515 urn, 
10 Figure 9a predicts that the optical properties of the waveguides that result from this first Core option would not be 
satisfactory. Figure 10a confirms that to this first core option is associated excessive infrared optical absorption asso- 
ciated to an excessive number of residual Si:H-H oscillators (and residual SiN-H oscillators) causing excessive optical 
absorption between 1 .445 and 1 .515 ujti. 

[01 02] An alternative option to get the required 'delta-n' of 0.01 5 (TE mode at 1 .55 \im) between the buffer (cladding) 

is and the core of the waveguides is shown in Figure 9b. This figure shows that it is possible to still associate to the 
optically transparent optimized buffer of refractive index 1 .440 (deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, 
at a fixed N 2 0 gas flow of 6.00 std litre/min, at a fixed N 2 gas flow of 3.1 5 std litre/min, at a fixed PH 3 gas flow of 0.00 
std litre/min, at a fixed pressure of 2.60 Torr and following a thermal treatment in a nitrogen ambient at 800°C) an 
optimized core of refractive index 1 .455 deposited at a fixed SiH 4 gas flow of 0.20 std litre/min, at a fixed N 2 0 gas flow 

20 of 6.00 std litre/min, at a fixed N 2 gas flow of 3.15 std litre/min, at a fixed PH 3 gas flow of 0.57 std litre/min, at a fixed 
pressure of 2.60 Torr and following a thermal treatment in a nitrogen ambient at 800°C. In this case, Figure 9b shows 
that to this optimized core option is associated a much reduced integrated area under the 3380 cnr 1 FTIR peak of the 
residual Si:N-H oscillators, which 2 nd vibration harmonics cause an optical absorption between 1.445 and 1.515 u.m, 
and that this integrated area is almost independent of the PH 3 gas flow (after a low thermal treatment temperature of 

25 only 800°C). Figure 9b then predicts that the optical properties of the waveguides that result from this optimized Core 
option would be excellent. Figure 10b confirms that this optimized core option is associated with an excellent optical 
transparency resulting from a negligible number of residual Si:H-H oscillators (and the residual SiN-H oscillators). . 
[0103] This novel technique permits the required 'delta-n' to be achieved while eliminating the undesirable residual 
Si:N-H oscillators after thermal treatments at low post-deposition temperature as to provide improved silica waveguides 

30 with reduced optical absorption in the 1 .55 urn wavelength (and/or 1 .30 wavelength) optical region and as to allow the 
fabrication of high performance optical quality Multiplexers (Mux) and Demultiplexers (Dmux) with improved perform- 
ancesHn-the-l755-u;m-wavelength-M^ 

optical band). As will be understood by one skilled in the art, many variations of the invention are possible. By way of 
non-limiting example, the PECVD silica films could be deposited at a temperature different than 400°C, and in particular 
35 at any temperature between 100 and 650°C. 

[0104] The PECVD equipment could be different from the Novellus Concept One. The basic requirement is to provide 
independent control of the four basic control parameters: SiH 4 gas flow rate, N z O gas flow rate, N 2 gas flow rate and 
total deposition pressure. 

[0105] The buffer (cladding) local optimum (SiH 4 gas flow of 0.20 std litre/min, N 2 0 gas flow of 6.00 std litre/min, N 2 
40 gas flow of 3.1 5 std litre/min and a total deposition pressure of 2.60 Torr) is this four-independent-variables space could 
have a different set of coordinates (SiH 4 , N 2 0 N 2 , deposition pressure) using the same Novellus Concept One equip- 
ment. 

[0106] The buffer (cladding) local optimum could have a different set of coordinates (SiH 4 , N 2 0, N 2 , deposition pres- 
sure) in another PECVD equipment. The core local optimum (SiH 4 gas flow of 0.20 std litre/min, N 2 0 gas flow of 6.00 
45 std litre/min, N 2 gas flow of 3.15 std litre/min, PH 3 gas flow of 0.57 std litre/min, and a total deposition pressure of 2.60 
Torr) in this five-independent-variables space could have a different set of coordinates (SiH 4 , N 2 0, N 2 , PH 3 , deposition 
pressure) using the same Novellus Concept One equipment. The core local optimum could have a different set of. 
coordinates (SiH 4 , N 2 0, N 2 , PH 3 , deposition pressure) in another PECVD equipment. 

[0107] The 'delta-n* could be different than 0.015 and range between 0.005 and 0.020. The SiH 4 silicon raw material 
so gas could be replaced by an alternate silicon containing gas, such as: silicon terra-chloride, SiCI 4 , silicon tetra-fluoride, 
SiF 4 , disilane. Si 2 H 6 , dichloro-silane, SiH 2 CI 2 , chloro-fluoro-silane SiCI 2 F 2 , difluoro-silane, SiH 2 F 2 or any other silicon 
containing gases involving the use of hydrogen, H, chlorine, CI, fluorine, F, bromine, Br, and iodine, I. 
[0108] The N 2 0 oxidation gas could be replaced by an alternate oxygen containing gas, such as: oxygen, 0 2 , nitric 
oxide, N02, water, H 2 0, hydrogen peroxide, H 2 0 2 carbon monoxide, CO or carbon dioxide, CO^ 
55 [0109] The N 2 carrier gas could be replaced by an alternate carrier gas, such as: helium, He, neon, Ne, argon, Ar 
or krypton, Kr. 

[01 1 0] The PH 3 doping gas could be replaced by an alternate gas, such as: diborane, B 2 H 6 , Arsine (AsH 3 ), Titanium 
hydride, TiH 4 or germane, GeH 4 , Silicon Tetrafluoride, SiF 4 of carbon tetrafluoride, CF 4 . 
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[0111] The high temperature thermal treatment in nitrogen can be performed at a temperature different than 800°C. 
The preferred range is from 400 to 1200°C. 

[0112] The optical region of interest is not limited to the 1.30 to 155 u.m optical region since the higher oscillation 
harmonics of the eliminated oscillators have other optical benefits at longer or shorter wavelengths. The wavelengths 
5 of the first, second, third and fourth harmonics of these oscillators are to be covered by this patent. 

[0113] The invention finds application is various other manufacturing processes involving the use of high quality 
silica films, such as Other Photonics devices than Mux/Dmux devices; semiconductor devices; Micro Electro Mechan- 
ical Systems (MEMS); Bio-chips; Lab-on-a-chip devices; and Multi-chip modules. 

[0114] Although the present invention has been described and illustrated in detail, it is clearly understood that the 
10 same is by way of illustration and example only and is not to be taken by way of limitation, the spirit and scope of the 
invention being limited only by the terms of the appended claims. 



Claims 

15 , 

1 . A method of depositing optical quality films by PECVD (Plasma Enhanced Chemical Vapour Deposition), compris- 
ing: 

depositing an optical film by PECVD (Plasma Enhanced Chemical Vapour Deposition) in the presence of 
20 gases; and 

controlling the flow rate of at least one of said gases to minimize unwanted absorption peaks in the deposited 
film. 

2. A method as claimed in claim 1 , wherein said optical film is silica. 

25 

3. A method as claimed in claim 1 , wherein the flow rate of said other gases is maintained substantially constant. 

4. A method as claimed in claim 3, wherein the total deposition pressure is maintained substantially constant. 

30 5. A method as claimed in claim 1 , wherein said gases include PH 3 , and the flow rate of said PH 3 is varied to minimize 
unwanted absorption peaks in the deposited layer. 

6. A method as claimed in claim 5, wherein said other gases comprise Sih^, N 2 0, and N 2 . 

35 7. A method as claimed in claim 6, wherein the total pressure is also maintained substantially constant during the 
deposition. 

8. A method as claimed in claim 2, wherein said at least one gas is a gas selected from the group consisting of: 
diborane, B 2 H 6 , Arsine (AsH 3 ), Titanium hydride, TiH 4 or germane, GeH 4 , Silicon Tetrafluoride, SiF 4 of carbon 

40 tetrafluoride, CF 4 . 

9. A method as claimed in claim 1 , wherein said gases comprise at least three gases whose flow-rate is maintained 
substantially constant and a fourth gas whose flow rate is varied. 

45 10. A method as claimed in claim 9, wherein said three gases comprise SiH 4 N 2 0, N 2 and said fourth gas is PH 3 . 

11. A method as claimed in claim 10, wherein the SiH 4 gas flow is fixed at about 0.20 std litre/min; the N 2 0 gas flow 
is fixed at about 6.00 std litre/min; the N 2 gas flow is fixed at 3.15 std litre/min; and the PH 3 gas flow, is varied 
among the following values: 0.00 std litre/min; 0.12 std litre/min; 0.25 std litre/min; 0.35 std litre/min; 0.50 std litre/ 

50 min; and 0.65 std litre/min. 

12. A method as claimed in claim 11, wherein the the total deposition pressure is fixed at about 2.60 Torr. 

13. A method as claimed in claim 1, further comprising subjecting the films to a post deposition thermal treatment. 

55 

14. A method as claimed in claim 13, wherein said post thermal treatment takes place at a temperature between 400 
and 1200°C. 
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15. A method as claimed in claim 14, wherein said thermal treatment takes place at about 800°C. 

16. A method as claimed in claim 15, wherein said thermal treatment takes place in the presence of nitrogen. 

i 

17. A method as claimed in claim 2, wherein said films are deposited at a temperature between between 100 and 
650°C. 

18. A method as claimed in claim 17, wherein said films are deposited at a temperature of about 400°C. 

19. A method as claimed in claim 1, wherein said optical films form part of an optical waveguide. 

20. A method of depositing optical quality films by PECVD (Plasma Enhanced Chemical Vapour Deposition), compris- 
ing: 

creating a six-dimensional space wherein five dimensions thereof correspond to five respective independent 
variables of which a set of four independent variables relate to the flow-rate of respective gases, a fifth inde- 
pendent variable relates to total pressure, and a six dimension relates to observed FTIR characteristics; and 
depositing an optical film while maintaining three of said set of four independent variables substantially constant 
as well as said fifth independent variable, and varying a fourth of said set of four independent variables to 
obtain desired characteristics in said sixth dimension. 

21. A method as claimed in claim 20, wherein said optical film is a silica film. 

22. A method as claimed in claim 21, wherein said gases include a raw material gas, an oxidation gas, a carrier gas, 
and a doping gas and said set of four independent variables relate respectively to the flow rates of said raw material 
gas, said oxidation gas, said carrier gas, and said doping gas . 

23. A method as claimed in claim 22, wherein said raw material gas is selected from the group consisting of SiH 4 , 
silicon tetrachloride, SiCI 4 , silicon tetrafluoride, SiF 4 , disilane, Si 2 H 6 , dichloro-silane, SiH 2 CI 2 , chloro-fluoro-silane 
SiCI 2 F 2 , difluoro-silane, SiH 2 F 2 and any other silicon containing gases involving the use of hydrogen, H, chlorine, 
CI, fluorine, F, bromine, Br, and iodine, I. 



24. A method as claimed in claim 23, wherein said oxidation gas is selected from the group consisting of N 2 0, oxygen, 
0 2 , nitric oxide, N0 2 , water, H 2 0, hydrogen peroxide, H 2 0 2 , carbon monoxide, CO or carbon dioxide, C0 2 . 

25. A method as claimed in claim 24, wherein said carrier gas is selected from the group consisting of N 2 , helium, He, 
neon, Ne, argon, Ar and krypton, Kr. 

26. A method as claimed in claim 25, wherein said doping gas is selected from the group consisting of PH 3 , diborane, 
B 2 H 6 , Arsine (AsH 3 ), Titanium hydride, TiH 4 or germane, GeH 4 , Silicon Tetrafluoride, SiF 4 and carbon tetrafluoride, 
CF 4 . 

27. A method as claimed in claim 20, further comprising carrying out a post-deposition thermal treatment at a temper- 
ature between 400 and 1200°C. 

28. A method as claimed in claim 27, wherein said post-deposition treatment is carried out in the presence of nitrogen. 

29. A method as claimed in claim 27, wherein said post-deposition treatment is carried out at a temperature of about 
800°C. 
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